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ness IS less than 6 A by using a combination of particular 
process conditions during deposition of the film. In par- 
ticular, titanium atoms produced by impact of inert gas 
ions upon a titanium target travel through a high density, 
lu.of rf plasma, an ifiQ^jiifiiaU^^ 
(liVlP), in which the titanium atoms are at least partially 
ionized. The ionized titanium ions are contacted with 
ionized nitrogen atonns also present in the processing 
chamber The resultant gas phase composition Is con- 
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tacted with the surface of a semiconductor substrate on 
which a titanium nitride barrier layer is to be deposited 
By controlling the gas phase deposition mbcture compo- 
sition, the quantity of the deposition mixture contacting 
the substrate surface over a given time period, and the 
pressure in the process vessel, the resistivity and sur- 
face roughness of the titanium nitride layer is adjusted 
(200) crystal orientation is obtained by increasing the 
ionized content of the deposition mixture and by slowing 
the rate of deposition of the titanium nitride film (barrier 
layer). 
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Description 



The present invention pertains to a titanium nitride 
film having a particular structure which provides a low 
resistivity and a smooth surface, and to the method used 
to create this film. 

Titanium nitride layers have been used in semicon- 
ductor device structures as barrier layers for preventing 
the interdiffusion of adjacent layers of materials such as 
aluminum and silicon, for example. However, the resis- 
tivity of the titanium nitride, typically greater than 100 
fi-cm. detracts from the overall conductivity of the lay- 
ered conductive structure to which it contributes. Fur- 
ther. if the titanium nitride surface is rough, this rough 
surface is mirrored in overlying layers, in an overlying 
aluminum layer, for example. A rough surface on the alu- 
minum layer makes difficult subsequent photolitho- 
graphic indexing process steps necessary for formation 
of the overall semiconductor device structure. 

US. Patent No. 4,514.437 to Prem Nath, issued 
Apnl 30. 1985, discloses a method and apparatus for 
depositing thin films, such as indium tin oxide, onto sub- 
strates. The deposition comprises one step in the fabri- 
cation of electronic, semiconductor and photovoltaic de- 
vices. An electron beam is used to vaporize a source of 
solid material, and electromagnetic energy is used to 
provide an ionizable plasma from reactant gases. By 
passing the vaporized solid material through the plas- 
ma, it is activated prior to deposition onto a substrate 
In this manner, the solid material and the reactant gases 
are excited to facilitate their interaction prior to the dep. 
osition of the newly formed compound onto the sub- 
strate. 

U.S. Patent No. 4,944,961 to Lu et al., issued July 
31 , 1 990. describes a process for partially ionized beam 
deposition of metals or metal alloys on substrates, such 
as semiconductor wafers. Metal vaporized from a cru- 
cible IS partially ionized at the crucible exit, and the ion- 
ized vapor is drawn to the substrate by an Imposed bias 
Control of substrate temperature is said to allow non- 
conformal coverage of stepped surfaces such as trench- 
es or vias. When higher temperatures are used, stepped 
surfaces are planarized. The examples given are for alu- 
minum deposition, where the non-conformal deposition 
IS carried out with substrate temperatures ranging be- 
tween about 150 '^C and about 200 »c. and the 
planarized deposition is carried out with substrate tem- 
peratures ranging between about 250 »C and about 350 

U.S. Patent No. 4,976,839 to Minoai Inoue issued 
December 11,1990 discloses a titanium nitride barrier 
layer of 500 A to 2.000 A in thickness formed by reactive 
sputtering in a mixed gas including oxygen in a propor- 
tion of 1 % to 5 % by volume relative to the other gases 
comprising an inert gas and nitrogen. The temperature 
of the silicon substrate during deposition of the titanium 
nitnde barrier layer ranged between about 350 •^C and 
about 500 -C during the sputtering, and the resistivity of 



the titanium nitride film was less than lOOji fi-cm". with 
no specific numbers other than the 100 n n-cm given. 

S.M. Rossnagel and J. Hopwood describe a tech- 
nique of combining conventbnal magnetron sputtering 
5 with a high density, inductively coupled rf plasma in the 
region between the sputtering cathode and the sub- 
strate in their 1993 article titled 'Metal ion deposition 
from ionized magnetron sputtering discharge", pub- 
lished in the J. Vac. Sci. Technol, B. Vol. 12, No. 1 , Jan/ 
10 Feb 1 994. One of the examples given is for titanium ni- 
tnde film deposition using reactive sputtering, where a 
titanium cathode is used in combination with a plasma 
formed from a combination of argon and nitrogen gases 
The resistivity of the films produced ranged from about 
200iiO-cm to about 75,. o-rm where higher ion en- 
ergies were required to produce the lower resistivity 
films. The higher the ion energy, the more highly 
stressed the films, however. Peeling of the film was com- 
mon at thicknesses over 700 A. with depositions on cir- 
20 curt topography features delaminating upon cleaving. 

U.S. Patent Application. Serial No. 08/511 825 of 
Xu et al.. filed August 7. 1 995, assigned to the Assignee 
of the present invention, and hereby incorporated by ref- 
erence in Hs entirety, describes a method of forming a 
titanium nitride-comprising barrier layer which acts as a 
earner layer. The carrier layer enables the filling of ap- 
ertures such as vias. holes or trenches of high aspect 
ratio and the planarlzation of a conductive film deposited 
over the carrier layer at reduced temperatures com- 
^0 pared to prior art methods. 

A titanium nitride barrier layer is most commonly 
used as part of ^a conductive stack of materia ls. In order 
to obtain optimized functionality of this barrier layer the 
layer must prevent t he diffusion or migration of adl^npn t 
^ mat^ials through it (it must act as ^ H.m.ry u ^. .1. p.r 
vide high conductivity (exhibit minimal resistivity)- and 
it must provide a smooth surface so that other materials 
in the stack will not mirror surface roughness in the tita- 
nium nitride layer, thereby making subsequent lithoqra- 
^ phy difficult. 

's important f or the titanium nitride (TIN) film t o 
h ave lovy rfiSlfitlvi^ . because in a typical intercS ^ifi^a 
structure, a cross-sectional schematic of which i^hown 
in Figures 1 A and 1 B, the TiN film may need to serve as 
45 a mam conductive path for the interconnect. For exam- 
ple, with reference to Figure 1A, an Interconnect struc- 
ture 1 0 typically includes: a dielectric substrate 1 1 a dif- 
fusion barrier layer 14; and an overlying conductive lay- 
er 1 2. Aluminum is. the. most commonly used material 
for conductive layer 12. Arrow 16 represents the direc- 
tion of travel of electrons, the electron path, through the 
aluminum conductive layer 12 of interconnect 10 How- 
ever, the conductivity of an aluminum conductive layer 
1 2 can become impaired due to stress or electromigra- 
tion. which creates void structures of the kind shown in 
Figure IB. The Interconnect structure 20 shows the di- 
electric substrate 21 having a diffusion barrier layer 24 
followed by aluminum layer 22. The electron path 26 
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through aluminum layer 22 has become Impaired due 
to the formation of voids 23 within a luminum lay er 
Whe n the barrier layer 24 comprises TIN which Is low i n 
resistivitv> the electron p;^th ^^"^ *^^n ^ft n^'iifitfrr* 
a s econd path 28 through the TIN barrier laver 24 This 
facilit ates the perfomiance of interconnect 20rienglH9rv 
— 'nfl p erformance lifetime of the interconnecL In some 
^es, the TiN barrier layer electron path 28 may be- 
come the main path of conductivity for interconnect 20. 
TiN barrier layers cQnyentionailv appli ed usinr^ phyfti^ai 
vapor d_eposltlon ^sputterinpl technigues ^enftrs^ ny havo 
a re sistivity greater than about 100 u Ohm- cm 

It is important Tor the TIN film to be smooth (to have 
low surface roughness), as disclosed in U.S. Patent Ap- 
plication Serial. No. 08/511,825 of Xu et al.. When the 
titanium nitride barrier layer Is used to line a feature, 
such as a contact, trench, or via, a smooth surface on 
the titanium nitride layer facilitates the formation of the 
carrier layer of the kind described In Xu et al. This carrier 
layer facilitates aluminum filling of the feature at lower 
temperatures. Xu et al, were able to achieve a carrier 
layer surface roughness of about 15 A rms. 

A reduction in resistivity to less than about 100 \i 
Ohm-cm. and an improvement in surface roughness 
over that previously obtained would increase the desir- 
ability of the application of titanium nitride barrier layers. 

It has been discovered that the amount the resistiv- 
ity of titanium nitride films is reduced, by 40 % or more 
(to less than about 75 \i Ohm-cm, preferably to less than 
60 Ohm-cm, and most preferably to less than about 
50 \i Ohm-cm), for example; and, the roughnees of the 
surface is reduced, by about 45 % or more (to less than 
1 1 A, and preferably to less than about 8A ) by using a 
combination of particular process condrttons during dep- 
osition. . 

In particular, titanium atoms produced by impact of 
inert gas ions upon a titanium target travel through a 
high density, inductively coupled rf plasma, an ion metal 
plasma (IMP), in which the titanium atoms are at least 
partially ionized. The ionized titanium ions are contacted 
with ionized nitrogen atoms also present in the process- 
ing chamber, to produce a gas phase deposition mixture 
of an at least partially ionized inert gas, titanium atoms, 
nitrogen atoms, ionized titanium, ionized nitrogen, and 
titanium nitride atoms. This gas phase mixture is con- - 
tacted with the surface of a semiconductor substrate on 
which a titanium nitride barrier layer is to be deposited. 
The semiconductor substrate resides upon a platen 
which is heated so that the surface of the substrate can 
he controlled within a desired range. Further, the pres- i 
sure in the process chamber can be adjusted by contin- 
uous evacuation of gaseous components from the proc- 
ess chamber. By controlling the gas phase deposition 
mixture composition, the quantity of the deposition mix- 
ture contacting the substrate surface over a given time s 
period, and the pressure within the process chamber, 
the resistivity and surface roughness of the titanium ni- 
tride layer Is adjusted. 



We have discovered the physical characteristics of 
the titanium nitride layer which provide reduced resistiv- 
ity and a smoother film surface. Further, we have deter- 
mined the process conditions necessary to create a ti- 
5 tanium nitride layer having lower resistivity and a 
smoother film surface. 

The resistivity of the titanium nitride barrier layer is 
principally detenmined by the crystal orientation of the 
titanium nitride. The more nearly the crystal orientation 
^0 approaches 100 % (per cent) of the {200} orientation 
(the lowerthe percentage of 1 1 1 orientation), the lower 
the film resistivity Preferably the percent of (200} orien- 
tation is at least 70 percent. The (200) crystal orientation 
is obtained by increasing the ionized content of the dep- 
osition mixture (by Increasing the RF power to the Ioni- 
zation coil) and by slowing the rate of deposition of the 
titanium nitride film (by decreasing the DC power to the 
target). 

The surface roughness of the titanium nitride layer 
^0 is reduced principally by reducing the pressure in the 
process chamber, which appears to affect the film for- 
mation dynamics, all other factors being constant. An 
increase in ionized content of the gas phase deposition 
mixture helps reduce surface roughness until an inflec- 
?5 tion point is reached, after which surface roughness in- 
creases with increased ionized content. 

The present invention will now be described further, 
by way of example, with reference to the accompanying 
drawings, in which: 
^0 Figure 1 A shows a cross-sectional schematic of an 
interconnect stack, comprising: a dielectric substrate 
such as silicon dioxide; an overlying diffusion barrier lay- 
er, preferably, titanium nitride; and, having a conductive 
layer, preferably aluminum, overiying the diffusion bar- 
^ rier layer. 

Figure 1 B shows a cross-sectional schematic of the 
interconnect stack of Figure 1 A after stress and/or elec- 
tromigration has impaired the conductivity of an alumi- 
num conductive layer so that the titanium nitride diffu- 
<^ sion barrier layer becomes a functional conductive layer 
of the Interconnect stack. 

Figure 2 shows a schematic of the elements of a • 
process chamber which enable physical vapor deposi- 
tion augmented by an Ion metal plasma. 
^ Figure 3A shows an X-ray diffraction curve for a ti- 
tanium nitride film having a resistivity of about 203 \i r^- 
cm and a surface roughness of about 15 A. 

Figure 38 shows an X-ray diffraction curve for a ti- 
tanium nitride film produced using the method of the 
0 present Invention and having a resistivity of about 52 n 
I2-cm and a surface roughness of about 5 A. 

Figure 4A illustrates the reduction in resistivity of a 
titanium nitride film as a function of the percentage of 
the crystal orientation which is {200}, 
5 Figure 4B shows the reduction in resistivity or a ti- 
tanium nitride film as the RF power to the ionization coil 
is increased (increasing the Ionized content of the gas 
phase mixture from which the titanium nitride film is de- 
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posited). 

Figure 4C sliows the reduction in resistivity of a ti- 
tanium nitride film as the DC power to the target is de- 
creased (decreasing the quantity of titanium atoms 
available for processing in the gas phase and ultimately 
the rats of deposition of the titanium nitride film). 

Figure 5A shows a three dimensional plot of the sur- 
face roughness of a titanium nitride film as a function of 
DC power to the titanium target and RF power to the 
ionization coil, with the pressure in the process chamber 
held constant. 

Figure SB shows a three dimensional plot of the sur- 
face roughness of a titanium nitride film as a function of 
DC power to the titani urn target and pressu re in the proc- 
ess chamber with the RF power to the ionization coil 
held constant. 

Figure 5C shows a three dimensional plot of the sur- 
face roughness of a titanium nitride film as a function of 
the RF power to the Ionization coil and pressure in the 
process chamber with the DC power to the titanium tar- 
get held constant. 

The present disclosure pertains to a titanium nitride 
structure which provides improved conductivity and a 
smoother surface in a film or layer of titanium nitride. 
The disclosure also provides a method by which the im- 
proved titanium nitride structure is obtained. 

I. DEFINITIONS 

As a preface to the detailed description, it should 
be noted that, as used in this specification and the ap- 
pended claims, the singular forms "a", "an", and "the" 
include plural referents, unless the context clearly dic- 
tates othenvise. Thus, for example, the term "a semi- 
conductor" includes a variety of different materials which 
are known to have the behavioral characteristics of a 
semiconductor, reference to a "plasma" includes a gas 
or gas reactants activated by an RF glow discharge, ref- 
erence to "the contact material" includes aluminum, alu- 
minum alloys, and other conductive materials which 
have a melting point enabling them to be sputtered over 
the temperature range described herein. 

Specific terminology of particular Importance to the 
description of the present invention is defined below. 

The tenn "AFM' (Atomic Force Microscope) refers 
to a technique commonly used to measure film surface 
roughness, wherein a microprobe in contact with the film 
surface is drawn across the film and the mechanical 
movement of the microprobe Is translated to a digital sig- 
nal which is plotted out. A series of plots is compiled and 
a surface roughness is calculated from the compilation. 

The term "aluminum" includes alloys of aluminum 
of the kind typically used in the semiconductor industry. 
Such a! toys include aluminum-copper alloys, and alumi- 
num-copper-silicon alloys, for example. ss 

The term 'aspect ratio" refers to the ratio of the 
height dimension to the width dimension of particular 
openings into which an electrical contact is to be placed. 



For example, a via opening which typically extends in a 
tubular form through multiple layers has a height and a 
diameter, and the aspect ratio would be the height of the 
tubular divided by the diameter. The aspect ratio of a 
5 trench would be the height of the trench divided by the 
minimal travel width of the trench at its base. 

The term feature" refers to contacts, vias, trench- 
es, and other structures which make up the topography 
or the substrate surface. 
10 The term film resistivity" refers to a resistivity cal- 
culated from sheet resistance and film thickness meas- 
urements and Is equal to the sheet resistance (meas- 
ured by the 4 probe method) times the film thickness. 
The term "ion-deposition sputtered" and the term 
IS "Ion metal plasma" (IMP) refer to a particular technique 
for sputter deposition, preferably magnetron sputter 
deposition (where a magnet array is placed behind the 
target). In particular, a high density, inductively coupled 
RF plasma is positioned between the sputtering cathode 
20 and the substrate support electrode, whereby at least a 
portion of the sputtered emission is in the fomn of ions 
at the time it reaches the substrate surface. 

The term "reactive Ion deposition" or "reactive ion 
metal plasma (IMP)" refers to ion-deposition sputtering 
25 wherein a reactive gas is supplied during the sputtering 
to react with the Ionized material being sputtered, pro- 
ducing an ion-deposition sputtered compound contain- 
ing the reactive gas element. 

The term f raditional sputtering" refers to a method 
30 of forming a film layer on a substrate wherein a target is 
sputtered and the material sputtered from the target 
passes between the target and the substrate to form a 
film layer on the substrate, and no means is provided to 
Ionize a substantial portfon of the target material sput- 
3S tared from the target before it reaches the substrate. 
One apparatus configured to provide traditional sputter- 
ing is discbsed in U.S. Patent No. 5,320.728, the dis- 
closure of which is incorporated herein by reference. In 
such a traditional sputtering configuration, the percent- 
"fo age of target material which is ionized is less than 10 %, 
more typically less than 1%, of that sputtered from the 
target. 

The term "XRD" (X-ray Diffraction) refers to a tech- 
nique commonly used to measure crystalline orienta- 
45 tlon, wherein radiation over particular wavelengths is 
passed through the material to be characterized, and 
the diffraction of the radiation, caused by the material 
through which it passes, is measured. A map is created 
which shows the diffraction pattern, and the crystal ori- 
so entation is calculated based on this map. 

II. AN APPARATUS FOR PRACTICING THE 
INVENTION 



A process system in which the method of the 
present invention may be carried out is the Applied Ma- 
terials, Inc. (Santa Clara, California) Endura® Integrat- 
ed Processing System. This process system is not spe- 
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cifically shown in the Figures, however, the processing 
elements shown in Figure 2 can be operated within one 
of the low pressure process chambers contained within 
such an Integrated Processing System. The system is 
shown and described in United States Patents Nos. s 
5.186,718 and 5,236,868. the disclosures of which are 
incorporated by reference. With reference to Figure 2. 
one low pressure process chamber for forming the 
smooth-surfaced, low resistivity, titanium nitride barrier 
layer of the present invention employs a standard sput- io 
ter magnet 210 (to increase ion formation adjacent the 
target, thereby enabling an increased sputtering rale) 
and a sputtering target cathode 212 which operates at 
power levels up to about 24 kW. 

75 

EXAMPLE ONF 



techniques, other means for producing titanium atoms 
are contemplated. For example titanium evaporation 
techniques, such as the technique described In U.S. 
Patent No. 4,944,961 for vaporizing metal or metal alloy 
in a crucible, incorporated herein by reference, are also 
specifically contemplated. 

III. THE STRUCTURE OF LOW RESISTIVITY 
TITANIUM NITRIDE FILM 



To form the titanium nitride barrier layer of the 
present Invention., a titanium target cathode of 14 inch- 
es (35.5 cm) in diameter was used, and a DC power was 20 
applied to this cathode over a range from about 4 kwto 
about B kW. The substrate 218, comprising an 8 inch 
(20.3 cm) diameter silicon wafer, was placed a distance 
of about 5.5 inches (1 4 cm) from target cathode 212. A 
high density, inductively coupled rf plasma was gener- 2S 
ated In the region between the target cathode 212 and 
the substrate 218 by applying RF power 216 over a 
range from about 100 kHz to about 60 MHz (preferably 
about 2 MHz), at a wattage ranging from about 0.5 kW 
to about 6 kW ( preferably ranging from about 1 .5 kW to 30 
about 4.0 kW), a coil 214 having at least one turn up to 
about 1 0 turns (preferably from about 1 to 3 turns). Typ- 
ically the coil Is fabricated from metal tubing which per- 
mits water cooling, and has a diameter of about 0.125 
inch (0.32 cm). However, the coil can be fabricated from ss 
a sheet or ribbon, or other form which provides the de- 
sired function. Coll 214 surrounded a plasma region be- 
tween the target 212 and substrate 218. Optionally, a 
substrate bias voltage ranging from 0 to about -300 V 
DC is applied to the substrate 21 8 or the support mem- 40 
ber 220 to create a D C bias which attracts tons from the 
plasma to the substrate. 

Although the preferred apparatus for forming the ti- 
tanium nitride barrier layer uses a coil to inductively cou- ' 
pie with the plasma and Ionize the sputtered material, 4S 
other means for ionizing the titanium are contemplated.' 
For example, an ECR source, such as that shown and 
described in U.S. Patent No. 4.911.814. incorporated 
herein by reference, or a helicon type coupling device 
such as that shown In U.S. Patent No. 4.990.229. incor- so 
porated herein by reference, are also specifically con- 
templated. Likewise other apparatus which would sup- 
ply an ionized stream of deposition particles having an 
ionized percentage of 10 to 100 % are contemplated as 
being useful to practice the invention. Although the pre- ss 
ferred apparatus for forming the titanium atoms which 
are ionized and reacted with ionized nitrogen to form ti- 
tanium nitrkJe are preferably formed using sputtering 



As previously described, we have discovered that 
it is possible to produce a titanium nitride film having an 
unexpectedly low resistivity using reactive ion-deposi- 
tion sputtering techniques. A low resistivity film provides 
better device performance. 

The film resistivity of the titanium nitride layer is 
measured by a combination of sheet resistance and film 
thickness; film orientation is measured by XRD (X-ray 
diffraction). 

Figure 3A shows an X-ray diffraction scan pattern 
31 0 for a reactive Ion-deposition titanium nitride film pro- 
duced prior to the present invention. The portion of the 
film composition having a {11 1) crystal orientation is la- 
beled -312-. and the portion of the film composftion hav- 
ing a {200} crystal orientation is labeled "314". The scan- 
ning was done using the standard e - 29 technique, with 
two times the angle of incidence shown on the 'x" axis 
which is labeled "318". The intensity of the diffraction in 
counts per second (CPS) is shown on the "y" axis which 
IS labeled -316". The X-ray diffraction scan indicates that 
the larger portion of the titanium nitride film composition 
comprises alii crystal orientation. The film resistivity 
for this titanium nitride film is 203 n-cm. 

By comparison. Figure 3B shows an X-ray diffrac- 
tion scan pattem 320 for a titanium nitride film of the 
present invention. The scan pattem shows no measur- 
able presence of {111} crystal orientation, the location 
on the scan indicating this absence is labeled "322". The 
presence of the film composition having a {200} crystal 
orientation is labeled -324". Again, two limes the scan- 
ning angte of incidence is shown on the V axis, labeled 
as "328", and the Intensity of the diffraction is shown on 
the "y" axis and Is labeled "326". The film resistivity, cal- 
culated as described above is 52 Q-cm. This low re- 
sistivity is unexpected in the light of data published in 
the art. 

Figure 4A presents a graph 41 0 which illustrates the 
decrease in resistivity which is obtained as the percent- 
age of (200} crystal orientation in the titanium nitride film 
IS increased. The percent of {200) crystal orientation is 
shown on the V axis which is labeled "416-, and the 
resistivity Is shown on the "y" axis which is labeled "41 4" 
The cun/e 412 representing the relationship between 
percentage of {200} crystal orientation and resistivity 
was produced using more than 15 measurements for 
indivkJual titanium nitride films produced under varying 
process conditions which will be discussed In detail be- 
low. Figure 4A clearly illustrates that as the amount of 
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{200} crystal orientation is increased, resistivity of the 
titanium nitride film decreases toward a minimum of 
about 50 n-cm. 

Figure 4B presents a graph 420 which shows the 
resistivity as a function of the RF power to the Ionization 
coil of the IMP process apparatus. In particular, the RF 
power is shown in the "x" axis whiph is labeled '426", 
and the resistivity is shown on the "V" axis which is la- 
beled "424'. The curve 422 representing the relation- 
ship between RF power to the ionization coil and resis- 
tivity was produced using more than 11 measurements 
for individual titanium nitride films produced under proc- 
ess conditions which will be discussed in detail below. 
Figure 4B clearly illustrates that as the RF power to the 
ionization coil Is increased, increasing the ionization 
content of the gas plasma from which the titanium nitride 
film is deposited, the resistivity of the deposited titanium 
nitride film decreases. 

Figure 4C presents a graph 430 which shows the 
resistivity as a function of the DC power to the titanium 
target of the IMP process apparatus. In particular, the 
DC power is shown in the 'x" axis which is labeled MSS", 
and the resistivity is shown on the "y" axis which Is la- 
beled "434". The curve 432 representing the relation- 
ship between DC power to the titanium target and resis- 
tivity was produced using more than 12 measurements 
for individual titanium nitride films produced under proc- 
ess conditions which will be discussed in detail below. 
Figure 4C clearly illustrates that as the DC power to the 
titanium target is decreased, decreasing the quantity of 
titanium atoms available for processing in the gas phase 
and ultimately the rate of deposition of the titanium ni- 
tride film, the resistivity of the deposited titanium nitride 
film decreases. 



IV. THE METHOD OF PRODUCING LOW 
RESISTIVITY TITANIUM NITRIDE FILM 

The process conditions necessary to generate the 
higher percentage of {200} crystal structure which cor- 
relates with the unexpectedly low resistivity described 
above are described below. 

Traditionally sputtered titanium nitride, as previous- 
ly defined, does not make use of ionization of the sput- 
tered metal prior to its deposition on a substrate. Titani- 
um nitride films produced using traditional sputtering 
techniques typically exhibit a percentage of {200} crystal 
orientation below about 10% and exhibit a resistivity of 
greater than 1 50 ^lO-cm. A typical traditional sputtering 
process, such as magnetron sputter deposition, would 
provide for the use of a sputtering target (cathode) con- 
sisting essentially of titanium. A plasma created from a 
combination of an inert gas, such as argon, and nitrogen 
is contacted with the target to simultaneously generate 
titanium atoms, titanium ions, and titanium nitride at- 
oms. From the mixture which Includes titanium and tita- 
nium nitride atoms, a film is deposited on a substrate 
which typically resides on a support platen which is 



spaced about 2 Inches ( 5 cm ) from the sputtering tar- 
get. The nitrogen content of the plasma gas feed is con- 
trolled to produce a metal film containing the desired ni- 
trogen to titanium content ratio. A typical plasma gas 
5 feed would he 10 seem of argon and 60 seem of nitro- 
gen, with pressure in the process vessel maintained at 
about 4 mT This gas feed in combination with the 6.5 
kW DC to the target, and a process pressure of about 4 
mT in the process apparatus described above, would 
^0 typically produce a film having a stoichiometric nitrogen 
to titanium content ratio of 50% nitrogen to 50 % titani- 
um. The substrate temperature is typically about 200 ''C, 
whh heat applied through the support platen (heater) 
which is generally set at slightly greater than 200 °C. 
'5 Titanium nitride sputtered using IMP, as defined 
above, uses a high density, inductively coupled RF plas- 
ma positioned between the sputtering cathode and the 
support platen (electrode), where at least a portion of 
the atoms and ions created during the sputtering proc- 
20 ess are maintained in or placed in an ionized form until 
the time they reach the substrate. Titanium nitride films 
produced using IMP, prior to the present invention, typ- 
ically exhibited a percentage of {200} crystal orientation 
below about 30 %, and such films exhibit a resistivity of 
25 greater than about 1 50 [i Q-cm. 

With reference to Figure 2, to produce the titanium 
nitride films of the present invention, the sputtering tar- 
get cathode 212 consists essentially of titanium. Typi- 
cally, approximately 8 kW of D.C. power is applied to 
30 target cathode 2 1 2. A plasma is created from a mixture 
of argon and nitrogen gases, with the argon gas flowing 
at approximately 10 seem and the nitrogen gas flowing 
at about 60 seem, with pressure in the process vessel 
maintained at about ^ggJ^Fhe argon/nitrogen plasma 
3S IS contacted with the sputtering target cathode 212 to 
simultaneously generate titanium atoms and ions and 
titanium nitride atoms and ions. This mixture is passed 
through coil 214 which maintains at least a portion of 
this mixture in the form of Ions at the time the metals are 
40 deposited on substrate 218 which is spaced approxi- 
mately 5.5 inches (14 em) beneath sputtering target 
cathode 212. Typically about 1.5 kW of RF power at 
about 2 MHz is applied through coil 214. From the mix- 
ture which Includes titanium and titanium nitride atoms, 
^ metals are deposited on a substrate 21 8 which resides 
on a support platen (electrode) 220. Optionally a sub- 
strate bias voltage ranging from greater than 0 to about 
- 300 V of D.C. is applied to support platen 220 to attract 
ions from the plasma to the substrate. The temperature 
so of the substrate is typically about 300 °C under these 
conditions, with the support platen (heater) set at about 
200 "C. This gas feed in combination with the 8 kW DC 
to the target cathode 21 2 and the 1 .5 kW RF to coil 21 4, 
at a pressure of about 32 mT, typically produce a filrn 
55 having a stoichiometric titanium nitride content (50% ti- 
tanium and 50 % nitrogen). 

It has been discovered that by decreasing the DC 
power to sputtering target cathode 212, and increasing 
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the RF power to cxiil 21 4, it is possible to obtain an un- 
expected decrease in the resistivity of the titanium ni- 
tride film produced (all other variables held constant at 
the values described above). Although it is possible to 
obtain a decrease in resistivity by increasing the tem- 
perature of the substrate, this temperature would have 
to be increased to more than 400 'C to obtain any sub- 
stantial decrease in resistivity, and this temperature in- 
crease is hamif ul to other performance properties of the 
titanium nitride film. 

For example, a significant reduction In resistivity (to 
about 90 or less) can be obtained by setting the DC pow- 
er to sputtering target cathode 212 wHhin a range be- 
tween about 1 .5 and 7 kW; setting the RF power within 
a range between about 2kW and 5 kW; and setting the 
process pressure within a range between about 5 mT 
and 30 mT (Substrate temperature maintained at about 
300 •C). 

EXAMPLE rWQ^ 

Using the equipment described above, with the DC 
power to sputtering target cathode 212 set at 6 kW; the 
coil 21 4 RF power set at 2 MHz and 4 kW; an argon gas. 
flow rate of 10 seem and a nitrogen gas flow rate of 60 
seem; with the process chamber pressure set at 25 mT; 
and, the substrate surface at about 300 *C, a 600A thick 
titanium nitride film having a stoichiometric titanium ni- 
tride content, a {200} crystal orientation of about 100 % 
and a resistivity of about 52 Q-cm was obtained. 

The lower resistivity is attributed to the high {200} 
crystal orientation of the titanium nitride-comprising film. 
These physical characteristics are attributed to control 
of the gas phase deposition mixture composition and the 
quantity of the deposition mixture contacting the sub- 
strate surface over a given time period. The gas phase 
deposition mixture composition is believed to depend to 
a large extent on the DC power to the target and the RF 
power to the ionization coil. The quantity of the deposi- 
tion mixture contacting the substrate surface over a giv- 
en period of time is believed to depend to a large extent 
on these two factors as well, all other factors such as 
plasma composition and substrate temperature being 
held constant. 
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V. THE METHOD OF PRODUCING A SMOOTH 
TITANIUM NITRIDE FILM 

As previously prescribed, we have discovered that 
It is possible to produce a titanium nitride film having a 
significantly smoother surface than that previously 
known in the art. 

Film roughness as referenced herein was meas- 
ured by AFM (atomic force microscope). 

By controlling the gas phase deposition mixture 
composition and the quantity of the deposition mixture 
contacting the substrate surface over a given time peri- 
od, the surface roughness of a reactive ion deposition 
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sputtered titanium nitride film can be adjusted Although 
the variables adjusted to produce a low resistivity titani- 
um nitride film also affect the smoothness of the titanium 
nitride film surface, the variable which has the most pro- 
nounced effect of film surface smoothness, the process 
vessel pressure, does not appear to be the most critical 
variable in determining resistivity. In any case, there is 
an overlapping area where the process variables are ad- 
justed to provide both low resistivity and a smooth tita- 
nium nitride surface. 

With regard to the smooth surface, Figures 5A, SB. 
and 5C illustrate the effect of changes in DC power to 
the sputtering target, RF power to the ionization coil, and 
process vessel pressure on the surface roughness of 
the titanium nitride film (all other variables held con- 
stant). 

Figure 5A shows a three dimensional diagram 510 
depicting the change in titanium nitride film surface 
roughness In nanometers on theVnaXis, labeled ■512", 
as a function of the RF power in kW (@ 2 MHz ) on the 
■x" axis, labeled '51 4", and as a function of the DC pow- 
er to the target in kW on the "z" axis, labeled '516". The 
process vessel pressure was abo ut-33.3 mT; the sub- 
strate surface temperature w as 300*^ : the process gas- 
es were argon flowing at a rate of 10 seem and nitrogen 
flowing at a rate of 60 seem; and the film thickness was 
approximately 600 A. 

As illustrated in Figure 5 A. surface roughness of 
the film can be optimized to a lower value over a partic- 
ular range of RF power to the ionization coil, between 
about 2 and about 3.5. The DC power to the target also 
has an effect, but not as pronounced. Over the range 
measured, and within the RF power range which provid- 
ed the greatest Improvement (the best reduction In film 
surface roughness) the preferred DC power Is either the 
low end (about 4.0 kW) or at the high end (about 8 kW) 
of the range examined. 

Figure 5B shows a three dimensional diagram 520 
depicting the change in titanium nitride film surface 
roughness In nanometers on the "y" axis, labeled "522', 
as a function of the process vessel pressure in mT ori 
the "X" axis, labeled '524", and as a function of the DC 
power to the target in kW on the "z" axis, labeled "526". 
The RF power to the coil was about 2.75 kW; with the 
other process variables being the same as specified for 
the data Illustrated In Figure 5A. 

As illustrated In Figure 4B. surface roughness of the 
film can be optimized to a lower value by reducing the 
pressure in the process vessel when such pressure is 
higher than about 28 mT Once again, the DC power has 
an effect, but not nearly as pronounced, with the pre- 
ferred DC power being either near the low end or at the 
high end of the range examined. 

Figure 5C shows a three dimensional diagram 530 
depicting the change in titanium nitride film surface 
roughness in nanometers on the "y' axis, labeled "532", 
as a function of the process vessel pressure In mT on 
the V axis, labeled '534", and as a function of the RF 
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power to the target in kW on the 'z* axis, labeled •536". 
The DC power to the target was 6 kW; with the other 
process variables being the same as specified for the 
data illustrated in Figure 5A. 

As illustrated in Figure 5C, surface roughness of the 
film can be optimized to a lower value by reducing the 
pressure In the process vessel, at least for pressures 
higher than about 28 mT. The RF power to the coil has 
a less pronounced effect, with the reduction in surface 
roughness being greater when the RF power ranges be- 
tween about 2 and about 3. 

EXAMPLE THREE: 
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Using the equipment described above, with the DC 
power to sputtering target cathode 212 set at 6 kW; the 
coil 214 RF power set at 2 MHz and 4 kW; an argon gas 
flow rate of 10 seem and a nitrogen gas flow rate of 60 
seem; with the process chamber pressure set at 25 mT; 
and, the substrate surface at about 300 °C, a 600 A thick 
titanium nitride film having a stoichiometric titanium and 
nitrogen content, a {200) crystal orientation of about 1 00 
%, a resistivity of about 52 li-cm, and a surface rough- 
ness of 0.57 nanometers (5.7 A) was obtained. Prior to 
the present invention, a typical surface roughness for 
reactive ion deposition sputtered titanium nitride films 
had been In the range of about 11 A. A titanium nitride 
film having a smoother film surface reduces any topog- 
raphy on the film surface which might be carried through 
on overlying layers, thereby improving photolithograph- 
ic indexing during subsequent process steps. 

To obtain a titanium nitride film having both a lower 
resistivity and a smoother surface, it is important to both 
Increase the RF power to the ionization coil and to lower 
the pressure in the process chamber Of course there 
are limits to the increase in RF power, as the mechanical 
Integrity of the coil will degrade. In addition, there are 
limits to the minimum pressure which can be used, as 
a process vessel pressure below about 0.5 mT makes 
Ionization impractical. In cases where the titanium ni- 
tride is used as a barrier layer within an electrical contact 
via, a decrease in pressure below about 5 - 10 mT may 
reduce the amount of kjnizatbn to the point that Inade- 
quate bottom coverage of the via results. An increase 
in ionization content of the deposition mixture also helps 
provide a lower resistivity, but will assist in the reduction 
of surface roughness only until an Inflection point Is 
reached, after which surface roughness increases with 
increased ionization content. 

The above-described preferred embodiments are 
not intended to limit the scope of the present Invention, 
as one skilled in the art can, in view of the present dis- 
closure expand such embodiments to correspond with 
the subject matter of the invention claimed below. For 
example, when the methods described herein are car- 
ried out in an apparatus other than that specifically de- 
scribed herein, the range of the process variables which 
provides the optimum results may vary somewhat al- 
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though the concepts disclosed herein will enable one 
skilled in the art to practice the invention with minimal 
experimentation. 



Claims 

1 . A titanium nitride film having a resistivity of less than 
about 75 pficm, preferably less than about 60 
Ulicm. 

2. A titanium nitride film as claimed in claim 1 having 
a surface roughness of less than about 11 A, pref- 
erably less than about 8 A. 

3. A titanium nitride film having a surface roughness 
of less than about 11 A, preferably less than about 
8 A. 

4. A method of producing a titanium nitride film having 
a resistivity of less than about 75 ^i2cm, said meth- 
od comprising the steps of: 

a) controlling the gas phase deposition mixture 
composition from which said film is produced; 
and 

b) controlling the deposition rate of said film on 

a substrate. 
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A method as claimed In claim 4, wherein said dep- 
osition Is made using a reactive ion deposition proc- 
ess and wherein said gas phase mixture composi- 
tion is controlled by controlling process variables in- 
cluding DC power applied to a sputtering target and 
RF power applied to an ionization source. 



6. A method as claimed in claim 4, wherein said dep- 
osition is made using a reactive ion deposition proc- 
ess and wherein said deposition rate of said film on 
^0 said substrate Is controlled by controlling a pressure 
in a process vessel in whfch said reactive ion dep- 
osition Is carried out. 
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A method of producing a titanium film having a re- 
sistivity of less than about 75 nficm. said method 
comprising controlling the crystal orientation of said 
titanium nitride film to have at least 70% of a {200} 
crystal orientation. 



^0 8. A method as claimed In claim 7, wherein said tiia- 
nlum nitride film Is produced using a reactive ion 
deposition process and wherein said crystal orien- 
tation is obtained by increasing the ionized content 
of a gas phase deposition mixture. 

55 

9. A method as claimed in claim 8, wherein said crystal 
orientation is further obtained by slowing the rate of 
deposition of said titanium nitride film upon a sub- 
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10. A method of producing a titanium nitride film having 
a surface roughness of less than about 11 A, where- 
in said method comprises a reactive ion deposition s 
process which includes the steps of: 

a) controlling the rate of deposition of a titanium 
nitride film upon a substrate; and 

b) controlling an ionization content in a deposi- io 
tion mixture from which said film is deposited. 

11 . A method of producing a titanium nitride film having 
a resistivity of less than about 75 ^U^cm and a sur- 
face roughness of less than about 1 1 A, said method is 
including a reactive ion deposition process and 
comprising the steps of controlling the rate of dep- 
osition of said titanium nitride film upon a substrate 
and by controlling the ionized content of a deposi- 
tion mixture from which said titanium nitride film is 20 
deposited. 



12. A method as claimed in claim 10 or claim 11, where- 
in said rate of deposition is controlled by controlling 

a pressure in a process vessel in which said reac- 2S 
tive ion deposition process is carried out. 

13. A method as claimed in any one of claims 10 to 12, 
wherein said ionized content of said deposition mix- 
lure is controlled by controlling RF power applied to so 
an ionization source. 



14. A method as claimed in claim 5 or claim 1 3, wherein 
said ionization source is an ionization coil. 
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FIG. IB PRIOR ART . 




10 

07/31/2003, EAST Version: 1.04.0000 



EP 0 867 525 A1 





11 

07/31/2003, EAST Version: 1.04.0000 



EP 0 867 525 A1 



^ Ohm -cm 



FIG. 4A 




0 50 100 

I(200)/[I(200)+I(l1l)]xl00 



250 



200 

424 

M Ohm-cm 150 



loo- 
se- 

0 



FIG. 4B 



250 

200 
434 

Ohm-cm '50 
lOOf 



FIG. 4C 2 




RF (kW) 



\ 

426 




12 

07/31/2003, EAST Version: 1.04.0000 



EP 0 867 525 A1 




13 

07/31/2003, EAST Version: 1.04.0000 



EP 0 867 525 A1 




EUROPEAN SEARCH REPORT Application Num»f 

EP 98 30 2297 





DOCUMENTS CONSIDERED TO BE RELEVANT 




Categor 


y Citation or document with indicafton. where appropriate, 
of relevant passages 


Relevant 
(odaini 


CLASSIFICATION OF THE 
APPUCATIOH 0fil.CL6) 


X 

X 

Y 
X 

Y 


KAWAMURA M ET AL: "Characterization of 

TIN films prepared by a conventional 

magnetron sputtering system: Influence of 

nitrogen flow percentage and electrical 

properties" 

THIN SOLID FILMS, 

vol. 287, no. 1, 30 October 1996. 

page 115-119 XP004049480 

* figures 2,8 * 

ROSSNAGEL S M: "Directional sputter 
deposition for semiconductor applications" 
BEAM-SOLID INTERACTIONS FOR MATERIALS 
SYNTHESIS AND CHARACTERIZATION. SYMPOSIUM 
BEAM-SOLIO INTERACTIONS FOR MATERIALS 
SYNTHESIS AND CHARACTERIZATION. SYMPOSIUM, 
BOSTON, HA. USA, 28 NOV. -2 DEC. 1994, 
1995, PITTSBURGH, PA, USA, MATER. RES. 
SOC, USA, 

pages 503-510. XP002069489 

* page 508, line 9 - line 20 * 

WENBIAO JIANG ET AL: "Pulsed-laser 
deposition of titanium nitride" 
FILM SYNTHESIS AND GROWTH USING ENERGETIC 
BEAMS. SYMPOSIUM, FILM SYNTHESIS AND 
GROWTH USING ENERGETIC BEAMS. SYMPOSIUM 
SAN FRANCISCO, CA, USA, 17-20 APRIL 1995 
1995, PITTSBURGH, PA, USA, MATER. RES. 
SOC, USA. 

pages 103-108, XP002069490 

* page 104, line 28 - line 42 * 


1 

2 
3 

2 


C23C 14/06 
C23C 14/32 


TECHNICAL FIELDS 
SEARCHED <lntCI.6} 


C23C 
HOIL 


The present search report has been drawn up tor all claims 


Plac««lse«di ~T Dateolcooipletonol the seeich 

THE HAGUE | 9 July 1998 


Ex«mineT 

Ekhult, H 


CATeeORVOFCITEDDOCOMENTS • T : m,o-y or p„«^. u™,eflim8 

oocwmnt of th» same categow i ■ rtn^MMn^nf ^*<^ -^^^ 
A : technotoflical badcflround ^ IlJ. 

P : intarmedtate document * ''!!t!!!!^JV ^^^^ Wrreeponding 

document 



14 

07/31/2003, EAST Version: 1.04.0000 



EP 0 867 525 A1 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Appltcctlon Number 

EP 98 30 2297 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citabon of document with indication, where appropriate. 
of relevant passages 



Relevant 
to claim 



CLASSIRCATION OF THE 
APPUCATIOW <im.a.6) 



BENDAVID A ET AL: "DEPOSITION AND 
MODIFICATION OF TITANIUM NITRIDE BY ION 
ASSITED ARC DEPOSITION" 
JOURNAL OF VACUUM SCIENCE AND TECHNOLOGY: 
PART A, 

vol. 13, no. 3, PART 02, 1 May 1995, 
pages 1658-1664, XP000536497 

* figure 14 ♦ 

TOHRU HARA ET AL; "PROPERTIES OF TITANIUM 
NITRIDE FILMS FOR BARRIER METAL IN 
ALUMINUM OHMIC CONTACT SYSTEMS" 
JAPANESE JOURNAL OF APPLIED PHYSICS, 
vol. 30, no. 7 PART 01, 1 July 1991, 
pages 1447-1451, XP000263347 

* paragraph 3; figure 2 * 

MCKENZIE D R ET AL: "PRODUCTION OF DENSE 
AND ORIENTED STRUCTURES INCLUDING TITANIUM 
NITRIDE BY ENERGETIC CONDENSATION FROM 
PLASMAS" 

SURFACE SCIENCE, 

vol . 357/358, 20 June 1994, 

pages 954-960, XP000601340 

* figures 6,7 ♦ 

EP 0 758 148 A (APPLIED MATERIALS INC) 12 
February 1997 

* column II, line 30 - column 12, line 25 
* 



1-14 



The present search report has been drawn up for all daims 



Plaraofsuich 

THE HAGUE 



TECHNICAL FIELDS 
SEARCHED (lnl.CI.6> 



1-14 



0at> of conipl«|ion of #f s»«tch 

9 July 1998 



CATSGORY OF CIT6D OOCUMENTS 

X : particutatiy relevant S taKen alone 

Y : partlcularV relevant B comttnad wMh anothar 

documenl of th» wne cal«9oiy 
A : iechnoJogical background 
0 : non-writt«n disdostira 
P : \rAerme(6&.t9 dccumaiil" 



EnmrMr 

Ekhult, H 



T : tneery or pnncipu undenyng tha invention 
E : earlier patent documsnl. bul publlsnad on. or 

aflar tne liling date 
0 - document cHad in itie application 
L : documenl ciiad for other reasons 



A : monnber of the eame patantTaniflyrMf fei^ 



15 

07/31/2003, EAST Version: 1.04.0000 



